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Human PiT2 (PiT2) is a multiple-membrane-spanning protein that functions as a type III sodium phosphate
cotransporter and as the receptor for amphotropic murine leukemia virus (A-MuLV). Human PiT1 (PiT1),
another type III sodium phosphate cotransporter, is a highly related protein that functions as a receptor for
gibbon ape leukemia virus but not for A-MuLV. The ability of PiT1 and PiT2 to function as discrete viral
receptors with unique properties presumably is reflected in critical residue differences between these two
proteins. Early efforts to map the region(s) within PiT2 that is important for virus binding and/or entry relied
on infection results obtained with PiT1-PiT2 chimeric cDNAs expressed in Chinese hamster ovary (CHOK1)
cells. These attempts to localize the PiT2 virus-binding site were hampered because they were based on
infectivity, not binding, assays, and therefore, receptors that bound but failed to facilitate virus entry could not
be distinguished from receptors that did not bind virus. Using a more accurate topological model for PiT2 as
well as an A-MuLV receptor-binding assay, we have identified extracellular domain one (ECD1) of the human
PiT2 receptor as being important for A-MuLV binding and infection.

PiT1 and PiT2 are type III sodium-dependent phosphate
transporters that also function as receptors for the mammalian
gammaretroviruses gibbon ape leukemia virus (GALV) and
amphotropic murine leukemia virus (A-MuLV), respectively
(10, 18, 19, 34, 36). While these receptors have similar cellular
functions and structures, they do not overlap in their virus
receptor functions; this has been attributed to critical amino
acid differences between PiT1 and PiT2.

Early structural predictions for the arrangement of the PiT
receptors in the plasma membrane were based on Kyte-
Doolittle hydropathy analyses (8). Both proteins were initially
predicted to be nearly identical in structure, each comprising
10 transmembrane (TM) domains. Additionally, the observed
absence of a signal peptide for both proteins was used to assign
cytoplasmic locations for the N and C termini; both were
initially predicted to contain five extracellular domains (ECDs)
and four intracellular domains, with all potential N-linked gly-
cosylation sites being positioned within intracellular domains
(8).

In order to understand how differences in amino acid com-
position between PiT1 and PiT2 affect receptor function, re-
searchers have used chimeric PiT1-PiT2 proteins to map re-
gions that are critical for GALV (2, 5, 9, 21, 22, 27, 32) and
A-MuLV (12, 13, 14, 21, 28, 30) entry. Previous studies based
on Kyte-Doolittle hydropathy models of PiT1 and PiT2 have
demonstrated that replacement of the second ECD (ECD2) of
PiT1 with the corresponding region of PiT2 results in a chi-
meric protein which functions as an A-MuLV receptor (12).
This result was supported by studies by Lundorf et al. that
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showed that substitution of PiT2 residues from ECD2 and
flanking regions for the corresponding residues of Pho-4, a
sodium-dependent phosphate transporter from the filamen-
tous fungus Neurospora crassa, confers A-MuLV receptor
function to Pho-4 (13).

It has recently been experimentally determined that both the
N and C termini of PiT2 are extracellular, thus reorienting the
former first, second, and third ECDs to the cytosol and the
former first and second intracellular domains to extracellular
positions (26). The reorientation of the N-terminal third of the
PiT2 protein was further validated by experiments demonstrat-
ing that PiT2 is a glycoprotein carrying an N-linked oligosac-
charide in the more recently predicted ECD1 (26). It should be
noted that chimeric PiT1-PiT2 receptor studies implicating the
former ECD2 as critical to A-MuLV infectivity utilized the
earlier Kyte-Doolittle-based PiT receptor topology. The cur-
rent topological model positions the region formerly desig-
nated ECD2 in the cytosol. Interestingly, the region currently
designated ECD1 was still present in these chimeras, although
it was unclear at the time that this domain was extracellular.
Thus, previous results may have been misinterpreted to impli-
cate the former ECD2 as being important for PiT2-mediated
A-MuLV infection when, in fact, the receptor function was
being mediated by what is now called ECD1.

For A-MuLV receptor function studies, CHOK1 cells have
been the preferred cell line, based on the observation that
CHOKI1 cells are resistant to infection by both GALV and
A-MuLV. It was suggested that the reason these cells are
refractory to A-MuLV infection is because they express non-
functional receptors or receptors masked by a tunicamycin-
sensitive inhibitor (3, 16, 17, 35). However, it was shown more
recently that simply overexpressing the endogenous PiT2 re-
ceptor in CHOKI1 cells (PiT2yy) resulted in susceptibility to
both GALV and A-MuLV, while expression of the endogenous
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PiT1 receptor (PiT1.yo) resulted in susceptibility to GALV
(30). These findings suggest that the block to A-MuLV infec-
tion of CHOKI1 cells is not due to the absence of functional
receptors, and therefore, CHOKI cells may not be the best
system for investigating A-MuLV receptor function.

As stated above, studies attempting to identify regions of
PiT2 that are important for A-MuLV entry used virus infec-
tivity assays to measure receptor function. None of these stud-
ies explored the binding capability of A-MuLV to various
chimeric receptors, raising the possibility that certain nonfunc-
tional A-MuLV receptors retained the ability to bind A-MuLV
while not facilitating entry into target cells. Therefore, while
previous studies were useful for mapping receptor regions im-
portant for A-MuLV entry, regions of the receptor that are
critical for A-MuLV virus binding were not directly assessed.

The purpose of this study was to map the region of PiT2
required for A-MuLV binding and/or entry into host cells,
using chimeric PiT1-PiT2 receptors based on the experimen-
tally validated topological models of PiT2, proposed by Salatin
and coworkers (25, 26), and PiT1, proposed by Farrell et al.
(6). Herein we report that the first ECD of PiT2 is critical for
A-MuLV binding and entry.

MATERIALS AND METHODS

Cell lines. The following cell lines were used in experiments for this study:
BHK SN-10 Syrian hamster kidney cells (provided by Noel Bouck, Northwestern
University, Chicago, Ill.), CHOK1 Chinese hamster ovary cells (ATCC CCL 61),
and 293T human embryonic kidney cells (provided by Cell Genesys, Foster City,
Calif.). All cells, with the exception of CHOKI, were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine serum, 100 U of
penicillin/ml, 100 pg of streptomycin/ml, and 4 mM glutamine. CHOKI1 cells
were maintained in alpha minimal essential medium and supplemented as de-
scribed above.

Production of retrovirus vectors and stable cell lines. A-MuLV enveloped
retrovirus vectors were harvested in supernatants from 293T cells 48 to 72 h after
transfection by the calcium phosphate precipitation method (Promega, Madison,
Wis.), as previously described (33). The CHOK1 and BHK SN-10 cell lines stably
expressing PiT2 or chimeric PiT1-PiT2 receptors were made by transducing cells
with vesicular stomatitis virus G pseudotyped retrovirus vectors, using a pLNSX-
derived genome expressing the appropriate receptor cDNA, as previously de-
scribed (6). The assessment of receptor function for the various cell lines was
carried out by exposing cells to retrovirus vector-containing supernatant that had
been passed through a 0.45-pm-pore-size filter (Millipore, Bedford, Mass.) and
then adjusted to contain 10 pg of Polybrene/ml. Twenty-four hours later, the
medium was changed and cells were cultured for an additional 24 to 48 h before
analysis for expression of B-galactosidase by histochemical staining with X-Gal
(5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside), as previously described
(35). Titers were determined after serial dilution of each vector and averaging of
the number of blue CFU (BFU) obtained for each cell line tested in three or
more independent experiments. All chimeric receptors described for this study
were constructed as both hemagglutinin (HA)-tagged and untagged versions and
tested for functionality. The presence of the HA tag within each of the receptor
constructs was determined not to have altered receptor function (data not
shown).

Chimeric receptor cDNAs. To generate the chimeric PiT1-PiT2 receptor cDNAs
C1A and CI1E, specific regions of PiT1 were replaced with the corresponding regions
of PiT2 between restriction enzyme sites Nhel (nucleotide [nt] 196) and Accl (nt
642). For construction of C1A, PiT1 residues 121 to 214 (the region between the
HindIII and Accl sites) were replaced with PiT2 residues 106 to 199. A PiT2 cDNA
fragment was amplified from a PiT2 plasmid by use of a sense primer incorporating
a HindIII site at position 315 and an antisense primer incorporating an Accl site at
position 597. A PiT1 fragment was amplified from a PiT1 plasmid by use of a sense
primer incorporating the existing Nhel site at position 151 and an antisense primer
introducing a HindlII site at position 360. The resulting fragments were each cloned
into the TOPO-TA cloning vector pCR2.1 (Invitrogen, San Diego, Calif.), excised
with HindIII and Accl (for PiT2) or Nhel and HindIII (for PiT1), and then cloned
into the pSP72 plasmid (Promega), containing the full-length PiT1 gene, between
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the Nhel and Accl sites of PiT1 by a three-way ligation. The resulting CIA cDNA
was subcloned into the retroviral vector plasmid pLNS-PiT1 (19) between the Hin-
dIII and PfIMI sites. C1E contains PiT2 residues 56 to 140 in place of PiT1 residues
71 to 155 between Nhel (nt 196) and Sacl (nt 460). Primers were designed to
introduce Sacl sites at position 460 in PiT1 and position 415 in PiT2 by PCR
mutagenesis as described above.

The chimeric receptor cDNAs C1F and C1G were made by two rounds of PCR
mutagenesis. In the first round, complementary primers were designed which
incorporated the individual nucleotide changes desired to mutate specific amino
acids. Two fragments were generated by use of these primers with an upstream
primer incorporating the Nhel site and a downstream primer incorporating the
Accl site. These products were annealed, after which a second round of PCR was
performed, using the outer primers only. C1F was generated from C1E sub-
cloned into the pSP72 plasmid (pSP72-CI1E) by changing the glutamine at po-
sition 106 to serine and the valine at position 111 to phenylalanine. C1G was
similarly generated from the pSP72 subclone of C1F (pSP72-C1F) by changing
the PiT2 threonine residue at position 72 (nt 214 and 215) in C1F back to the
original valine residue present in PiT1. The resulting fragments incorporating
these amino acid changes were subcloned into the TOPO-TA cloning vector
pCR2.1, then into pSP72-CIE or pSP72-C1F, and finally into pLNS-PiT1, as
described above, to create pLNS-CIF and pLNS-C1G. C1F contains PiT2 resi-
dues 56 to 91 in place of PiT1 residues 71 to 106, and C1G contains PiT2 residues
66 to 91 in place of PiT1 residues 81 to 106. The chimeric receptor K7 was made
by replacing PiT1 sequences between the PstI site (nt 1552) and the 3" end of the
cDNA with PiT2 sequences. C1 contains PiT2 sequence between the Nhel and
BglII sites; BglII was introduced into PiT1 at nt 1167 by PCR mutagenesis, as
described above.

PCR products containing mutations were ligated into pCR2.1 and sequenced
by use of the Thermo Sequenase fluorescence-labeled primer cycle sequencing
kit (Amersham Biosciences, Piscataway, N.J.) and Cy-5-labeled primers (Inte-
grated DNA Technologies, Inc., Coralville, Iowa) on an AlfExpress automated
sequencer (Amersham Biosciences).

Binding assays. Fluorescence-activated cell sorting-based binding assays using
soluble A-MuLV or GALV envelope SU proteins encoding the receptor-binding
domain (RBD) fused to a double HA epitope tag (YPYDVPDYA) derived from
influenza virus HA were performed as described previously (6), with the follow-
ing exception. In order to decrease nonspecific binding, HA-tagged RBDs were
incubated with target cells at 4°C rather than 37°C. Detection of HA-tagged
receptors on the cell surface was accomplished in a similar assay using HA.11
monoclonal antibody (Covance/Babco, Richmond, Calif.), as described previ-
ously (11).

RESULTS

Stable expression of the human ortholog of PiT2 renders
BHK SN-10 cells susceptible to binding and infection by A-
MulLV. Previous studies designed to assess PiT2 A-MuLV re-
ceptor function have shown that CHOKI cells are resistant to
A-MuLV infection but can be rendered transiently susceptible
to A-MuLV by calcium phosphate-mediated transfection with
a PiT2 expression plasmid. One caveat to assessing A-MuLV
receptor function in CHOKI cells is that the resistance to
infection of CHOKI cells has been attributed to low endoge-
nous receptor expression levels and/or receptor masking (30)
that can be overcome by expression of endogenous receptor or
by treating the cells with tunicamycin (16, 17, 35). Therefore,
we sought an alternative cell line to CHOKI1 for the assessment
of A-MuLV binding and infectivity. Syrian hamster-derived
BHK SN10 cells are resistant to A-MuLV infection, fail to bind
A-MuLV envelope proteins (Fig. 1A), and are not rendered
susceptible to A-MuLV following treatment with tunicamycin
(35). Expression of PiT2 in CHOKI1 cells resulted in A-MuLV
binding. However, as seen in Fig. 1A, a portion of the CHOK1
cells that were transduced with PiT2 failed to express receptor
or were modified in such a way as to be masked. Expression of
PiT2 in these cells (BHK SN-10-PiT2) allows efficient binding
by A-MuLV SU and renders these cells susceptible to infection
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FIG. 1. Comparison of CHOK1 and BHK SN-10 cells stably ex-
pressing the human ortholog of PiT2. (A) Flow cytometric histograms
of HA-tagged A-MuLV RBD binding. Binding was carried out at 4°C
as described in Materials and Methods, followed by incubation with 5
png of HA.11 monoclonal antibody, recognizing HA-tagged soluble
A-MuLV SU, per ml. Bound tag was detected with goat anti-mouse
antibody—fluorescein isothiocyanate (1:50). Shaded areas correspond
to negative control cells exposed to HA-tagged A-MuLV SU; areas
beneath bold lines correspond to CHOKI1 or BHK SN-10 cells stably
expressing PiT2 receptors exposed to HA-tagged A-MuLV SU. (B) A-
MulLV titers expressed as BFU per milliliter * the standard errors of
the means from at least three independent experiments. **, titer re-
sults were zero.

by A-MuLV enveloped vectors (Fig. 1B), but not by GALV
(data not shown). The data obtained from these experiments
indicate that BHK SN-10 cells are a reasonable candidate cell
line for studying the effects of various chimeric PiT1-PiT2
receptors on A-MuLV binding and entry.

Assessment of PiT1-PiT2 chimeric receptors expressed in
CHOKI1 and BHK SN-10 cells. Given that expression of PiT2
in both CHOK1 and BHK SN-10 cells renders them suscepti-
ble to A-MuLV infection, expression of the same chimeric
PiT1-PiT2 receptors in either cell line would be anticipated to
result in similar infectivity patterns. Therefore, we used vesic-
ular stomatitis virus G pseudotyped retroviral vectors to inde-
pendently transduce CHOKI1 and BHK SN-10 cells with vec-
tors encoding two reciprocal PiT1-PiT2 chimeric proteins.
Interestingly, we found that a chimeric receptor, C1 (Fig. 2A),
rendered both CHOK1 (CHOK1-C1) and BHK SN-10 (BHK
SN-10-C1) cells susceptible to A-MuLV infection (Fig. 2B).
The C1 chimera contains residues 66 to 495 of PiT2 inserted
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into a PiT1 protein backbone. The nearly reciprocal chimera,
K7, in which PiT2 residues 495 to 653 were substituted for the
corresponding residues of PiT1, functions as a GALV receptor
(5) and was functional as an A-MuLV receptor in CHOK1
cells (CHOK1-K7), yielding titers that were similar (twofold
decrease) to those achieved with CHOKI1-C1 cells (Fig. 2B).
Surprisingly, when K7 was expressed in BHK SN-10 cells
(BHK SN-10-K7), A-MuLV could not infect them (Fig. 2B)
and A-MuLV binding was inefficient (Fig. 2C), suggesting that
PiT?2 residues at the amino terminus of PiT2 are required for
A-MuLV binding and infectivity when expressed in BHK
SN-10 cells.

Defining regions of PiT2 that mediate A-MuLV binding and
infectivity in BHK SN-10 cells. In order to further identify the
region(s) of PiT2 that mediates A-MuLV binding and/or entry,
additional chimeric PiT1-PiT2 receptors were constructed and
expressed in BHK SN-10 cells. The first two chimeric recep-
tors, designated C1A and CI1E, divide PiT2 residues 66 to 495
of the chimeric C1 receptor into two parts (Fig. 3A). In C1A,
PiT1 residues 121 to 214 were replaced with the corresponding
PiT2 residues, 106 to 199. This receptor, when expressed in
BHK SN-10 cells (BHK SN-10-C1A), did not function as an
A-MuLV receptor and did not bind HA-tagged soluble A-
MuLV envelope protein (Fig. 3B and C). In cases for which
receptor binding and infectivity were both negative, verifica-
tion of receptor expression at the cell surface was assessed by
flow cytometric analysis. The HA-tagged C1A receptor ex-
pressed on the surfaces of BHK SN-10 cells (BHK SN-10-C1A-
HA) was detected, thereby indicating that the inability of C1A
to function as an A-MuLV receptor is not attributable to the
lack of receptor protein expression on the cell surface (Fig.
3D). BHK SN-10 cells expressing the chimeric receptor C1E
(BHK SN-10-C1E), in which residues 71 to 155 of PiT1 were
replaced with residues 56 to 140 of PiT2 (these residues span
regions of TMs 2 and 3 and include the first ECD), conferred
infectivity and binding to A-MuLV (Fig. 3B and C). Interest-
ingly, the A-MuLV titer with C1E (3.03 X 10° BFU/ml) was
approximately 1/2-log higher than that with C1 (7.09 X 10°
BFU/ml) when expressed in BHK SN-10 cells, indicating that
regions outside of residues 56 to 140 of PiT2 may play a role in
regulating A-MuLV infectivity. HA-tagged CI1E, like other
HA-tagged receptors, is expressed on the surfaces of BHK
cells (data not shown). PiT2 residues 56 to 140 are sufficient to
render PiT1 functional as an A-MuLV receptor.

The first ECD of PiT2 is an important determinant that is
required for A-MuLV binding and entry. The chimeric recep-
tor C1E expressed in BHK SN-10 cells confers A-MuLV bind-
ing and infectivity. In order to determine whether the PiT2
region comprising residues 71 to 155 is the minimal domain
required for A-MuLV binding and entry, we constructed the
following chimeric receptors: (i) C1F, in which PiT1 residues
71 to 106 are replaced with residues 56 to 91 of PiT2, spanning
a portion of TM2 and the first ECD; and (ii) C1G, in which the
first ECD of PiT1 (residues 81 to 106) is replaced with PiT2
ECDI1 (residues 66 to 91) (Fig. 4A). HA-tagged C1F and C1G
are expressed in BHK SN-10 cells at levels comparable to
HA-tagged C1A (data not shown). BHK SN-10 cells expressing
CIF and C1G (BHK SN-10-C1F and BHK SN-10-CIG, re-
spectively) efficiently bind and are infected by A-MuLV (Fig.
4B and C), suggesting that the first ECD of PiT2, when placed
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in the context of a PiT1 backbone, is sufficient to render BHK
SN-10 cells susceptible to A-MuLV binding and infectivity.
PiT1 does not function as a receptor for A-MuLV in BHK
SN-10 cells (data not shown); however, chimeric receptor C1G, in
which 30 residues, comprising PiT1 ECD], are replaced with the
corresponding residues from PiT2 ECDI1, confers A-MuLV re-
ceptor function to PiT1. It should be noted that there is an
approximately 100-fold decrease in titer between BHK SN-10-
PiT2 and BHK SN-10-C1G cells (Fig. 1 and 4B). This difference
is likely due to domains outside of the first ECD of PiT2 that
influence the efficiency of A-MuLV binding and subsequent in-
fection. Residues in ECD1 of PiT1 and PiT2 share 70% amino
acid identity (Fig. SA). Thus, the ability to confer A-MuLV re-
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FIG. 2. Functional differences between PiT1-PiT2 receptor chime-
ras stably expressed in CHOK1 and BHK SN-10 cells. (A) Predicted
topologies of chimeric receptor proteins C1 and K7 (see Materials and
Methods). TMs are represented by bars (hatched bars, PiT1; solid
bars, PiT2) and intra- or extracellular domains are represented by lines
(dotted lines, PiT1; solid lines, PiT2). The putative ECDs are num-
bered 1 through 4. *, N-linked glycosylation site. (B) A-MuLV titers
expressed as BFU per milliliter + the standard errors of the means
from at least three independent experiments. Solid bars, CHOKI1 cells;
open bars, BHK SN-10 cells). **, titer results were zero. (C) Histo-
grams from flow cytometric analysis of BHK SN-10 cells incubated
with 5 pg of HA.11 monoclonal antibody, recognizing HA-tagged
soluble A-MuLV SU, per ml, followed by goat anti-mouse antibody—
fluorescein isothiocyanate (1:50). The x axis represents fluorescence
intensity (log scale), and the y axis represents cell number. Shaded
areas correspond to negative control BHK SN-10 cells exposed to
HA-tagged A-MuLV SU; areas beneath bold lines correspond to BHK
SN-10 cells stably expressing chimeric PiT1-PiT2 receptors exposed to
HA-tagged A-MuLV SU.

ceptor function to PiT1 appears to be mediated by, at most, nine
amino acids that differ between the two ECDs. While these res-
idues are necessary for conferring A-MuLV binding and infectiv-
ity to PiT1, it is not clear at this time if PiT2 ECD1 is the only
receptor domain that plays a role in A-MuLV binding and infec-
tivity. Further studies are required to determine how different
regions of the receptor interact to confer optimal binding and
infectivity.

DISCUSSION

PiT2, the receptor for A-MulLV, is a symporter that trans-
ports inorganic phosphate and sodium ions in a tightly coupled
process. We have now identified a region within PiT2 that is
critical for both virus binding and entry. The first ECD and a
residue present in TM2 of PiT2, when substituted for the
corresponding regions of PiT1 (the CIF chimeric receptor),
are sufficient to confer A-MuLV binding and infectivity char-
acteristics to BHK SN-10 cells. Thus, 10 residue differences
between PiT1 and PiT2 account for the ability of C1F but not
PiT1 to function as an A-MuLV receptor. Nine of the residue
differences that confer A-MuLV receptor function to PiT1 are
part of the first ECD. The 10th residue difference between C1F
and PiT1 is a threonine instead of a valine at position 72 of
PiT1 TM2 (Fig. 5B). The C1G chimeric receptor, like CIF,
contains PiT2 residues throughout ECD1, but it differs from
CIF at position 72 such that TM2 is composed entirely of PiT1
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FIG. 3. Identification of regions within the PiT1-PiT2 C1 chimera
that mediate A-MuLV binding and infectivity of BHK SN-10 cells.
(A) Chimeras C1A and CI1E were constructed to divide C1 into two
parts (see Materials and Methods). TMs and ECDs are identified as
described for Fig. 2. (B) Infections mediated by BHK SN-10 cells
stably expressing C1, C1A, and C1E. A-MulLV titers were expressed as
BFU per milliliter * the standard errors of the means from at least
three independent experiments. *, a titer of zero was obtained for
Cl1A. (C) HA-tagged soluble A-MuLV SU binding to BHK SN-10 cells
expressing the chimeric receptors was carried out as described for Fig.
1. (D) Direct detection of HA-tagged receptor on the cell surface was
done in those cases for which no soluble SU binding or infectivity was
detected (chimera C1A). BHK SN-10 cells stably expressing the C1A
chimera containing a C-terminal HA tag were subjected to flow cyto-
metric analysis in a manner similar to detection of soluble SU. The
shaded area corresponds to BHK SN-10 cells lacking an HA-tagged
receptor; areas beneath bold lines correspond to BHK SN-10 cells
stably expressing the HA-tagged chimeric C1A receptor.
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FIG. 4. Identification of the first ECD of PiT2 as an important
determinant required for A-MuLV binding and infectivity. (A) Sche-
matic representation of PiT1-PiT2 receptor chimeras C1F and C1G,
respectively. TMs and ECDs are identified as described for Fig. 2.
(B) A-MuLV titers expressed as BFU per milliliter = standard errors
of the means from at least three independent experiments. (C) Binding
of HA-tagged soluble A-MuLV to live BHK SN-10 cells stably express-
ing receptor chimera C1F or C1G was determined as described for Fig.
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FIG. 5. Amino acid sequence comparison of putative ECD1 and
TM2 of PiT1 and PiT2. (A) Replacement of PiT1 ECD1 with that of
PiT2 renders PiT1 functional as an A-MuLV receptor. The amino acid
sequence identity between ECD1 of PiT1 and PiT2 is approximately
70% and includes conservation of the N-linked glycosylation site (*).
(B) Alignment of PiT1 and PiT2 TM2 reveals approximately 89%
residue identity between the two domains. The bold text represents the
difference between PiT1 (valine) and PiT2 (threonine) at PiT1 position
72, which is thought to play a role in determining receptor topology.
Numbers indicate where the respective domains begin and end.

residues. This single residue difference between C1F and C1G
results in an approximately 1-log decrease in A-MuLV infec-
tivity and a diminished capacity for C1G to function as an
A-MuLV receptor. Interestingly, there is no apparent differ-
ence in the binding capacities of C1F and C1G, suggesting that
binding results may not directly correlate with titer values.

TM2 has been postulated to be one of six amphipathic alpha
helices that make up a pore structure within PiT2 (19). These
TMs are hypothetically arrayed such that their hydrophobic
sides face toward the lipid bilayer of the plasma membrane
while their hydrophilic sides form a pore through which inor-
ganic phosphate is transported into the cell. The substitution of
a hydrophilic threonine for a hydrophobic valine could alter
the positioning of TM2 such that it compromises its contribu-
tion to the architecture of the pore, resulting in the reduced
A-MuLV binding and titer observed with BHK SN-10 cells
expressing C1G (Fig. 5 and 6). In addition, ECD1 is proximal
to the region of TM8 that is proposed to harbor a Na* binding
domain (4); therefore, it is conceivable that alterations in
ECDI1 may also affect receptor binding function by blocking
Na™ binding (Fig. 6). The substitution of PiT2 residues at
positions 72, 82, 89, 93, 94, 97, 99 to 101, and 106 in ECD1 of
PiT1 is requisite for A-MuLV receptor function. It remains
unclear whether residues 66 to 91 constitute the sole PiT2
A-MuLV binding domain or if a second domain conserved
between PiT1 and PiT2 is required for A-MuLV binding.

All of the gammaretrovirus receptors identified to date are
electrochemical potential-driven transport systems that utilize
a carrier-mediated process to catalyze uniport (transport of a
single species), antiport (transport of two species in opposite
directions), or symport (two species transported together in
the same direction) of various solutes (7, 24). It is still unclear
why gammaretroviral entry requirements converge on this cat-
egory of transmembrane solute transporters, given the wide
variety of other transport systems (e.g., channels, pores, group
translocators, and primary active transporters) as well as the
multitude of other types of cell surface proteins available on
cells.
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Extracellular

Intracellular

FIG. 6. Hypothetical aqueous pore formed within the PiT receptor
by the clustering of six TM amphipathic helices. Each cylinder repre-
sents a TM region, with the extracellular and intracellular domains
represented as curved lines or loops. When the amphipathic TMs (2, 3,
4,5, 6, and 8, shown as dark gray cylinders) are oriented so that their
hydrophobic sides face the membrane lipid environment and their
hydrophilic sides face inward, they form a hexagonal pore consisting of
these six alpha helical segments of the PiT1 transporter/receptor. This
model is adapted from that proposed by Olah et al. (19) and updated
based on the revised topology proposed by Farrell et al. (6). The
asterisk represents the position of a proposed Na™ binding domain (4).

A second intriguing feature of all gammaretrovirus receptor
proteins is the presence of N-linked oligosaccharides in their
extracellular domains. PiT1, a receptor for GALV, woolly
monkey virus, 10A1 MuLV, and feline leukemia virus type B
(FeLV-B), contains an N-linked glycosylation site in ECD1 (6).
The receptor for FeLV-C (23, 29) is a glycoprotein, as is XPR,
the receptor for polytropic and xenotropic MuL Vs (1, 31, 37).
In many cases, the glycosylated ECD has been implicated as
crucial for virus entry. For example, the third ECD of mCAT,
the receptor for E-MuLV, has been demonstrated to be critical
for E-MuLV binding and entry. In addition, it has been shown
that N-linked glycosylation within ECD3 blocks access to the
mCAT binding site (reviewed in reference 20). More recently,
ASCT, the receptor for feline endogenous virus (RD114), ba-
boon endogenous virus, human endogenous retrovirus type W,
simian retroviruses, avian reticuloendotheliosis virus, and
avian spleen necrosis virus, has been shown to contain critical
N-linked oligosaccharides present in the second ECD that
control retroviral receptor utilization of ASCT (15). Herein we
reported that the first ECD of PiT2 plays a critical role in
A-MuLV binding and entry and that this domain also contains
an N-linked glycosylation site (26). Taken together, these ob-
servations suggest that all known gammaretrovirus receptors
function as electrochemical potential-driven porters and con-
tain an N-glycosylated ECD. Thus, it remains to be determined
if glycosylation of the first ECD of the PiT transporters blocks
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virus binding and entry and if Na™ binding exerts any regula-
tory effects on A-MLV receptor function.
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